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INTRODUCTION
Cochlear implantation (CI) has become a routine surgical proce-
dure worldwide for the management of severe-to-profound sen-
sorineural hearing loss (1). At the time of the medical evaluation 
for CI, a complete neuro-otologic and otolaryngologic examina-
tion is performed (2). Typically, evaluations include pure-tone 
audiometry and auditory brainstem response (ABR) testing in 
the case of children. Otoacoustic emission (OAE) testing com-
Objectives. To evaluate retrospectively, the possible difference in diffusion tensor imaging (DTI) metric of fractional anisot-
ropy (FA) between good and poor surgical outcome cochlear implantation (CI) patients using investigator-independent 
voxel-wise analysis.
Methods. Eighteen patients (11 males, 7 females; mean age, 5.9 years) with profound sensorineural hearing loss underwent 
DTI scans using a 3.0 Tesla magnetic resonance scanner. Among the 18 patients, 10 patients with categories of audi-
tory performance (CAP) score over 6 were classified into the good outcome group and 8 patients with CAP score be-
low 6 were classified into the poor outcome group. The diffusion tensor scalar measure was calculated from the ei-
genvalues of the tensor on a voxel-by-voxel basis from each subject and two-sample t-test evaluation between good 
and poor outcome subjects were performed for each voxel of FA values, across the entire brain, with a voxel-wise in-
tensity threshold of P<0.0005 (uncorrected) and a contiguous cluster size of 64 voxels. Individual values of FA were 
measured by using the region-of-interest based analysis for correlation analysis with CAP scores, open sentence and 
open word scores.
Results. Two-sample t-test evaluation using SPM voxel-wise analysis found significantly higher FA values at the several 
brain areas including Broca’s area, genu of the corpus callosum, and auditory tract in good outcome subjects com-
pared to poor outcome subjects. Correlation analyses between FA and CAP scores, open sentence and open word 
scores revealed strong correlations at medial geniculate nucleus, Broca’s area, genu of the corpus callosum and audi-
tory tract.
Conclusion. Investigator-independent voxel-based analysis of DTI image demonstrated that good outcome subjects showed 
better neural integrity at brain areas associated with language and auditory functions, suggesting that the conserva-
tion of microstructural integrity of these brain areas is important. Preoperative functional imaging may be helpful for 
CI. 
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plements these studies. For imaging evaluation, computer to-
mography (CT) scanning is performed to evaluate the status of 
the cochlea and to establish the presence of a non-ossified cochlea 
or to identify a common cavity, Mondini dysplasia, enlarged ves-
tibular aqueduct, or an ossified cochlea. In some cases, a mag-
netic resonance imaging (MRI) scan is used instead of CT when 
questions exist regarding the presence of the eighth nerve or se-
vere ossification. However, few studies have examined the utility 
of functional imaging in assessing the possible outcome of CI.
  Whereas conventional structural MRI and CT are relatively 
insensitive to functional microstructure of the central nerve sys-
tem (CNS), diffusion tensor imaging (DTI), which measures the 
orientation of water molecules in vivo, yields an index of micro-
structural integrity through quantification of the directionality 
of water diffusion (3). Therefore, DTI provides a new in vivo tool, 
not only for the assessment of CNS structural integrity, but also 
for assessment of disease conditions that disturb tissue structural 
coherence (4, 5). A previous study demonstrated that the diffu-
sion anisotropy measured by DTI is highly sensitive to otherwise 
subtle changes in the integrity of auditory pathway in patients 
with sensorineural hearing loss (6).
  In the current technical study, we evaluated, retrospectively, 
the possible difference in DTI metric of fractional anisotropy (FA) 
between good and poor surgical outcome CI patients using in-
vestigator-independent statistical parametric mapping (SPM) 
voxel-wise analysis. Furthermore, we investigated the relation-
ships between the clinical outcomes and FA values of DTI. 
MATERIALS AND METHODS
Participants
Eighteen patients (11 males, 7 females; mean age, 5.9 years) with 
profound sensorineural hearing loss participated in this study. 
All the patients were deaf prelingually and the causes of deaf-
ness were unknown. In temporal bone CT, there were no inner 
ear anomalies. MRI and DTI scans were performed before the 
surgeries. Among the 18 patients, 10 patients (mean age, 6.7±
2.0 years) with categories of auditory performance (CAP) score 
over 6 were classified into the good outcome group and 8 pa-
tients (mean age, 5.06±0.8 years) with CAP score below 6 were 
classified into the poor outcome group. There was no difference 
in age between the groups (P>0.05). In addition to CAP, open-
set sentence perception and open-set word perception test were 
measured, as well. In the good outcome group, the mean age at 
time of surgery was 40.6 months (range, 19 to 77 months). In 
the poor outcome group, the mean age at time of surgery was 
25.1 months (range, 19 to 35 months). There was no significant 
difference in age at time of surgery between the groups (P>0.05). 
Patient demographics are summarized in Table 1. All legal guard-
ians of participants agreed to participate in the functional MRI 
study and provided oral informed consent or assent where ap-
propriate. The study protocol was approved by the local Institu-
tional Review Board.
MRI and DTI acquisition 
MRI and DTI scans were performed using a Signa Exite HD 3.0 
Tesla MR scanner (General Electric, Waukesha, WI, USA) with 
an eight-channel head coil. Three-dimensional (3D) fast spoiled 
gradient-echo (FSPGR) T1-weighted images were obtained with 
a 180° inversion recovery prepared pulse (repetition time 7.8 
msec, echo time 3.0 msec, inversion time 450 msec, flip angle 
20°, slice thickness 1.3 mm, partition number 120, no gap, 
256×256 matrix size, number of average unity, and a 24 cm 
field-of-view). Total scan times were 4 minutes 42 seconds and   
5 minutes 16 seconds. DTI was performed using the single-shot, 
spin-echo, echo-planar imaging technique employing Stejskal-
Tanner diffusion-sensitizing pulses. DTI imaging parameters were 
220×220 mm field-of-view, 128×128 matrix size, 12-16 axial 
slices, 4 mm slice thickness, repetition time of 8,000 msec, and 
echo time of 71 msec. Diffusion was measured in 25 non-collin-
ear directions. For each slice and gradient direction, 2 images 
were acquired: one with no diffusion weighting (b, 0 second/
mm
2) and one with diffusion weighting (b, 1,000 seconds/mm
2). 
Voxel-wise analysis of DTI metrics
The diffusion tensor scalar measure (FA) was calculated from 
the eigenvalues of the tensor on a voxel-by-voxel basis from each 
subject using MedINRIA software (Asclepios Research Project, 
INRIA Sophia Antipolis, Cedex, France). SPM was performed 
using the software package SPM5 (Wellcome Department of 
Cognitive Neurology, London, UK) implemented in Matlab 7.01 
(Mathworks, Sherborn, MA, USA). Diffusion tensor images in 
dicom format were converted into NIfTI format using dcm2nii, 
a tool included in mricron (http://www.mricro.com, mricron v7; 
Chris Rorden, Columbia, SC, USA). Template images of FA 
were created for spatial normalization. To be accurate, FA tem-
plate images were resampled to an isotropic voxel size of 2×2×
2 mm. SPM5 was used for subsequent bias correction, segmen-
Table 1. Patient demographic and clinical data
Good outcome 
(n=10)
Poor outcome 
(n=8)
P-value 
Demographic data
Age 6.7±2.0 5.06±0.8 >0.05
Clinical data
CI (side) Right (9), left (1) Right (2), left (6) -
Age at time of CI 40.6±23.8 25.1±4.6 >0.05
ABR (pre CI)  No response No response -
CAP score 6.7±0.48 4±1.69 <0.0001
Open sentence 91.63±7.25 24.96±29.97 <0.0001
Open word 90.33±8.95 41.04±44.22 <0.005
Values are presented as mean±SD.
CI, cochlear implantation; ABR, auditory brainstem response; CAP, cate-
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tation, spatial normalization, and co-registration of FA images 
with T1 anatomic images. A Gaussian kernel (8×8×8 mm) was 
convolved with the spatially normalized parametric images for 
smoothing, to accommodate inter-individual anatomic variabili-
ty and to improve the signal-to-noise ratio prior to statistical 
analysis. To reduce partial volume errors by incorrect sampling, 
and ‘bleeding’ errors at the gray matter-white matter boundary, 
all voxels were thresholded with a voxel-wise FA value >0.25. 
Two-sample t-test evaluation between good and poor outcome 
subjects were performed for each voxel of FA values, across the 
entire brain, with a voxel-wise intensity threshold of P<0.0005 
(uncorrected) and a contiguous cluster size of 64 voxels. The re-
sulting statistical map was overlaid with T1 anatomic images. 
Correlation and statistical analysis
Individual values of FA were measured by using the region-of-
interest (ROI) based analysis for correlation analysis with CAP 
scores, open sentence, and open word scores. ROI was defined 
as a sphere shape with radius of 5 mm using the voxel of inter-
est (VOI) function of SPM5 and applied to the medial geniculate 
nucleus, Broca’s area, genu part of corpus callosum, and audito-
ry tract near primary auditory cortex. We assessed the effects of 
FA by multiple regression analysis, using CAP scores, open sen-
tence, and open word scores as dependent variables. We used 
Pearson correlation analyses to determine correlations among 
FAs and CAP score, open sentence, and open word scores. The 
correlations between CAP scores and open sentence and open 
word scores were also determined. SPSS ver. 14 (SPSS, Chicago, 
IL, USA) was used for all statistical analyses.
RESULTS
Voxel-wise analysis of DTI metrics
Two-sample t-test evaluation using SPM voxel-wise analysis 
found significantly higher FA values at the several brain areas 
including Broca’s area, genu of the corpus callosum, and audito-
ry tract (Fig. 1), in good outcome subjects compared to poor 
outcome subjects (P<0.0005). No brain areas with significantly 
higher FA values were found in poor outcome subjects com-
pared with good outcome subjects.
Correlation analysis
Fig. 2 depicts the correlations between FA and CAP scores at 
the medial geniculate nucleus, Broca’s area, genu of the corpus 
callosum, and auditory tract. CAP scores showed statistically 
significant positive correlations with FA at medial geniculate nu-
cleus (P=0.022), Broca’s area (P=0.004), genu of the corpus 
callosum (P=0.004), and auditory tract (P=0.002). Fig. 3 displays 
the positive correlations between FA and open sentence scores 
at medial geniculate nucleus (P=0.004), Broca’s area (P=0.003), 
genu of the corpus callosum (P=0.003), and auditory tract (P=
0.024). Fig. 4 depicts the statistically significant correlations be-
tween CAP scores and open sentence and open word scores. 
Fig. 1. Two sample statistical parametric mapping (SPM) axial maps 
rendered on to a normalized T1-weighted MR image, shows areas 
of significant decrease in fractional anisotropy (FA) values in poor 
outcome subjects compared to good outcome subjects (threshold-
ed at uncorrected P<0.0005 and the extent of 16 clusters). 
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Fig. 2. The correlations between fractional anisotropy (FA) values and categories of auditory performance (CAP) scores at the selected brain 
regions shown in Fig. 1. The lines are the result of a linear regression.
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DISCUSSION
In this study, we undertook an investigator-independent voxel-
based analysis of FA, a DTI metric, as a new in vivo imaging 
tool for estimating a surgical outcome of CI. To the best of our 
knowledge, this study is the first report to introduce voxel-based 
morphometric technique in a CI population using DTI. Most of 
the previous DTI studies explored damage to the white matter 
(WM) in patients with neurodegenerative or neuropsychiatric 
diseases, or sensorineural hearing loss using investigator-depen-
dent ROI technique (6-8). Recently, voxel-based morphometric 
technique with DTI has been used to evaluate the difference in 
the microstructural integrity of the brain tissue (9, 10).
  Voxel-based morphometry (VBM) is a new objective measure 
to characterize neuroanatomical differences in vivo using struc-
tural MR images (11). Using spatially normalized images, VBM 
compares different brains on a voxel-by-voxel basis in the entire 
brain, rather than a particular brain structure. Thus, the approach 
can examine the differences in brain gray and white matter in 
an unbiased and objective manner. Several recent studies have 
demonstrated the success of VBM in characterizing subtle chang-
es in brain structure in a variety of diseases, including develop-
mental disorders and in congenitally deaf adults (12, 13). In ad-
dition, VBM has also been useful in identifying gross structural 
abnormalities, such as those observed in Alzheimer’s disease 
(14). In the current study, we extend the utility of VBM to the 
characterization of microstructural differences using FA images 
calculated from DTI. 
  The main finding of the current study was that compared to 
poor outcome subjects, good outcome subjects show higher FA 
values in areas of the brain associated with language and audi-
tory function. Previous studies have shown that FA is a sensitive 
marker of the microstructural integrity of the brain (15). DTI 
studies found that FA was decreased in brain lesions attributable 
to various neuropathologic conditions, and a drop in FA may re-
flect edema, demyelination, or neuronal/axonal loss (16, 17). 
Furthermore, most previous studies used subjective ROI tech-
nique to evaluate microstructural integrity in terms of FA in brain 
lesions. In the current study, on the other hand, we used an in-
vestigator-independent voxel-based morphometric technique to 
evaluate the possible difference in microstructural integrity be-
tween poor and good outcome subjects in an unbiased and ob-
Fig. 3. The correlations between fractional anisotropy (FA) values and open-set sentence perception scores at the selected brain regions 
shown in Fig. 1. The lines are the result of a linear regression.
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Fig. 4. The correlations between categories of auditory performance (CAP) scores and open-set sentence, open-set word perception scores. 
The lines are the result of a linear regression.
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jective manner. Therefore, the relative decrease of FA in poor 
outcome subjects suggests that the functional integrity of brain 
areas associated with language and auditory functions is an im-
portant consideration factor for CI. That is, in addition to basic 
evaluations such as evoked response audiometry (ERA), func-
tional imaging evaluation using DTI may play a role as a good 
subsidiary examination for CI. Although ERA has many advan-
tages, it also has limitations. For example, once the structure 
along the auditory pathway is disrupted, more distal locations in 
the pathway are difficult to assess. Further, late response of ERA 
has a difficulty to locate the disrupted site along the pathway. 
The voxel-based DTI measurements, on the other hand, can as-
sess the neuronal deficit regardless of the disrupted locations in 
the central auditory pathway. 
  Our data also shows that the conservation of language area is 
important. A previous study demonstrated that the formation of 
neural connections to the left temporal lobe speech centers is, in 
part, related to the language outcome of CI patients (18). These 
authors suggested that in a deaf patient, preoperative planning 
may take into consideration the possibility of some degree of al-
tered cortical organization and, particularly in regard to language, 
customized preoperative functional imaging may be helpful. In 
line with this suggestion, the present study showed that subjects 
with good outcome have better neural integrity than subjects 
with poor outcome at the language area. Therefore, the voxel-
based morphometric technique with DTI may be useful in eval-
uating the functional conservation of the language centers in ad-
dition to the conservation of the central auditory pathway.
  This study has some limitations. First and most importantly, 
the DTI scans were performed after surgery. Since FA scores on 
the patients before surgery were not available, there was some 
possibility that neural integrity was recovered better in the good 
outcome group after surgery due to unknown confounding fac-
tors. That is, having only FA scores after surgery, it is not possible 
to exclude the unknown confounding factors. Second, the patient 
population was relatively small. Due to this limitation, this study 
is best-considered as a preliminary study. Further studies with 
larger numbers of subjects are necessary. Third, as a technical 
point, voxel-wise analysis was performed based on the template 
images provided by SPM5. However, the template images of 
SPM5 were obtained to fit to adult brain and there is the possi-
bility for mismatch between adult and young brains, although 
both good outcome and poor outcome subjects were projected 
to the same SPM5 templates (19). Finally, although regression 
analysis showed a close correlation between FA values and clini-
cal outcomes (CAP, open sentence, open word, and closed set) 
from the auditory and language brain areas, these outcomes are 
somewhat subjective measures. Therefore, correlation analysis 
with more objective measures may be necessary to confirm the 
current findings.
  In conclusion, an investigator-independent voxel-based analy-
sis of DTI imaging is proposed as a functional imaging tool for 
estimating a surgical outcome of CI. Compared to poor outcome 
subjects, good outcome subjects showed better neural integrity 
at brain areas associated with language and auditory functions, 
suggesting that the conservation of microstructural integrity of 
these brain areas is important. Preoperative functional imaging 
may be helpful for CI. 
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